Abstract Aims We analyzed the usefulness of quantitative intravenous myocardial contrast echocardiography to study microvasculature perfusion after infarction in comparison with intracoronary myocardial contrast echocardiography. Methods and results Thirty-two patients with a first ST elevation myocardial infarction, single-vessel disease and an open artery (TIMI 3) were studied before discharge. Myocardial perfusion in the risk area was quantified with intracoronary and intravenous myocardial contrast echocardiography. Perfusion was normal (intracoronary contrast echocardiography normalized videointensity O0.75) in 78 out of 97 dysfunctional segments (80%). Sensitivity and specificity of intravenous contrast echocardiography to predict normal perfusion were 87% and 63% for 'firstpass myocardial blood flow' (upslope of contrast arrival ! peak intensity after intravenous bolus injection of contrast) and 91% and 89% for end-systolic single-triggered images captured every 6 cycles, respectively. In an analysis per patients, normal perfusion (0 or 1 hypoperfused segments with intracoronary contrast echocardiography) was observed in 22 cases (69%). End-systolic singletriggered images showed a strong correlation with intracoronary contrast echocardiography (R 2 Z 0.82, p Z 0.0001). Conclusions Intravenous contrast echocardiography is a useful technique to analyze microvasculature perfusion soon after infarction. A quantitative analysis of single-triggered images is an easy-to-obtain and reliable method to define perfusion when compared with intracoronary contrast echocardiography. ª
The primary objective of therapy after myocardial infarction is to restore tissue perfusion. 1 Lack of perfusion either at the epicardial vessel 2e4 level or at the microvasculature 5e14 is related to a more depressed systolic function and to a worse outcome.
1e15 At present, the ideal diagnostic method to analyze myocardial microcirculation is unclear. 1, 5, 6, 16 Intracoronary myocardial contrast echocardiography demonstrated more than a decade ago that Thrombolysis in Myocardial Infarction (TIMI) grade 3 is necessary but does not guarantee optimum reperfusion. 3, 5 Therefore, intracoronary contrast echocardiography may represent a clinical standard of perfusion 16 but it has all the limitations of an invasive method. During the last few years myocardial contrast echocardiography with intravenous injection of contrast has gained a place for analyzing myocardial perfusion. 5,6,16e23 Quantification of intravenous contrast echocardiography has added reliability to this technique. 17e19 Although the initial results have been promising, 18e23 a direct comparison between quantitative intravenous and intracoronary myocardial contrast echocardiography has not been performed.
In the present study, we aimed to elucidate the ability of quantitative intravenous myocardial contrast echocardiography to detect normal perfusion in the coronary microcirculation when compared with intracoronary contrast echocardiography (as the reference method) in a homogeneous series of patients with a first myocardial infarction, single-vessel disease and an open infarct-related artery (TIMI 3).
Methods

Study group
We prospectively screened consecutive patients admitted in our institution because of a first Q wave myocardial infarction diagnosed on the basis of typical chest pain lasting O30 min, ST elevation O0.1 mV in at least 2 leads and an increase in troponin I O twice maximum normal limit in our institution. Patients were eligible for inclusion if they fulfilled the following inclusion criteria: (1) stable clinical course without complications, (2) absence of clinical history suggesting any prior heart disease, (3) single-vessel disease and a patent (TIMI 3 flow and a residual lesion !50%) infarct-related artery at the end of the cardiac catheterization performed before discharge, (4) adequate thoracic window for echocardiography, and (5) stable sinusal rhythm at the moment of echocardiography.
Twenty-three patients received reperfusion therapy within the first six hours after chest pain onset: thrombolysis in 19 cases and primary angioplasty in 4 cases. In 9 patients, early reperfusion was not attempted because of arrival O12 h after chest pain onset (6 cases) or contraindication to thrombolysis (3 cases).
The study complies with the declaration of Helsinki. Our local ethics committee approved the research protocol and informed consent was obtained from all subjects participating in the study. Clinical and baseline characteristics were prospectively recorded (Table 1) .
Cardiac catheterization
Cardiac catheterization was performed 5 G 1 days (range 3e7 days) after myocardial infarction. Percutaneous coronary revascularization (28 patients: 4 cases during primary angioplasty and 24 cases at pre-discharge catheterization, stent in all patients) was performed if the lumen narrowing in the IRA was O50%. At the end of the pre-discharge study all patients showed a patent infarct-related artery (TIMI 3) and a residual lesion !50%. In those 4 patients in whom primary angioplasty was performed, cardiac catheterization was repeated before discharge (at least 3 days after infarction) and angiographic and intracoronary myocardial contrast echocardiography data were recorded at this moment. TIMI 3 flow was confirmed in a core laboratory (ICICOR, Valladolid, Spain).
Intracoronary myocardial contrast echocardiography
At the end of cardiac catheterization, intracoronary myocardial contrast echocardiography (apical 4-chamber and 2-chamber views) was performed in all cases by injecting a bolus of 1 ml (concentration, 350 mg/ml) of Levovist (Schering AG, Germany) followed by a 5 ml saline flush through the catheter situated in the infarct-related artery. Boluses of contrast were repeated if necessary. No side effect was observed. Myocardial perfusion was registered in real time and second harmonic mode using the echocardiograph Agilent Sonos 5500 (Philips, Netherlands); gain and compression settings were optimized and unchanged during the study. Images were digitized and analyzed on separate days by 2 experienced observers unaware of the results of the other explorations.
For analysis of contrast images, we digitally captured the end-systolic frames with maximum contrast intensity and for all purposes in the present study, the risk area was considered as those dysfunctional segments included in the infarct-related artery territory and visualized in the apical 4-chamber and 2-chamber views (13 segments using the 17-segment model). 24 Quantification of echocardiographic images was performed in all cases using the possibilities derived from the MATLAB 6.5 (The Mathworks Inc., Natick, Massachusetts, USA) software package. A region In order to correct the inherently non-linear relation between videointensity and the underlying acoustical signal, as well as to obtain values of myocardial contrast intensity which could be comparable between segments and patients, a normalized scale (non-numeric, range from 0 to 1) was applied for all purposes of perfusion quantification. Background-subtracted contrast intensity of each segment (units of digitized videointensity) was normalized to the segment showing normal contractility and maximum contrast intensity (units of digitized videointensity), resulting in all segments having a non-numeric normalized range of perfusion between 0 and 1.
The mean perfusion score in the risk area (sum of scores of each segment divided by the number of segments in the risk area) was calculated as previously described. 20 According to our previous experience, 25 normal perfusion in an individual segment was considered in the case of an intracoronary contrast echocardiography normalized videointensity O0.75. A patient was considered to have normal perfusion in the case of 0 or 1 segment with abnormal intracoronary contrast echocardiography (!0.75) in the risk area. Interobserver discrepancies regarding the presence or absence of normal perfusion took place in 2 cases (6%) solved by consensus.
Intravenous myocardial contrast echocardiography
Intravenous myocardial contrast echocardiography was performed 8 G 2 days (range 6e12 days) after infarction, at least 48 h after cardiac catheterization and intracoronary contrast echocardiography (due to logistical reasons and to avoid the possible acute changes in microcirculation after angioplasty). Apical 4-chamber and 2-chamber views were obtained and the same 17-segment model used in the case of intracoronary contrast echocardiography was applied. 24 Machine settings were decided during our learning curve. Using the echocardiograph Agilent Sonos 5500 and the contrast SonoVue (Bracco International B.V., Netherlands), 2 perfusion indexes were quantified:
(a) First-pass myocardial blood flow. A low mechanical index (0.3), an S3 transducer (1.6e3.2 MHz), 25 Hz frame rate and grey-scale images were used. Gain (around 65) and compression (around 88) settings were optimized and unchanged throughout the studies. A bolus of 1.5 ml of SonoVue was injected intravenously followed by a 5 ml saline flush. Off-line, endsystolic images were digitally captured every cardiac cycle from contrast arrival to the left atrium and during the following 45 s. Background-subtracted myocardial contrast intensity was measured at each cycle in each segment and normalized to that of the left ventricular cavity as recommended. 5 Plots of myocardial contrast intensity were constructed and fitted to an exponential function y Z A(1 C e ÿBx ) as described by Wei et al. for a steady-state context. 17 The derived plateau and the slope of the ascending curve were calculated. Finally, the product of slope and peak myocardial contrast intensity in each segment was considered as a surrogate of perfusion. According to the receiver operator characteristics curve to predict normal perfusion with intracoronary contrast echocardiography, a cut-off value of 0.06 was established for myocardial blood flow. An individual patient was considered to have normal perfusion as derived from myocardial blood flow in the case of 0 or 1 segment with abnormal (!0.06) perfusion in the risk area.
(b) Single-triggered images. After performing first-pass studies, a continuous infusion of SonoVue was administered. The infusion rate was adjusted to minimize attenuation, confining it to beyond the mitral valve plane. The focus was set at the mitral valve level but if there was any concern about a possible apical defect, the focus was moved up towards the apex. A high mechanical index (1.6), an S3 transducer (1.6e3.2 MHz) and ultraharmonic imaging were used. Gain (around 65) and compression (around 88) settings were optimized and unchanged throughout the studies. Images from the apical 4-chamber and 2-chamber views were obtained. Once a steady-state of contrast infusion was achieved, single frame images were captured using an electrocardiogram trigger set at endsystole; images were captured every 6 cycles. Background-subtracted contrast intensity was quantified in each segment and normalized to that from the left ventricular cavity. 5 According to the receiver operator characteristics curve to predict normal perfusion with intracoronary contrast echocardiography, a cut-off value of 0.9 was established for triggered images. An individual patient was considered to have normal perfusion as derived from triggered images in the case of 0 or 1 segment with abnormal (!0.9) perfusion in the risk area. The mean perfusion score in the risk area (sum of scores of each segment divided by the number of segments in the risk area) was also calculated for myocardial blood flow and triggered images. 20 Intravenous contrast echocardiography images were digitized and analyzed on separate days by 2 experienced observers unaware of the results of the other explorations. Inter-observer discrepancies regarding the presence or absence of normal perfusion, either with myocardial blood flow or with triggered images took place in 3 cases (9%) solved by consensus.
Cardiac magnetic resonance
We used cardiac magnetic resonance for evaluating systolic function and the transmural extent of necrosis because of its well-established high accuracy for these purposes. 26 Studies (Magnetom Sonata, Siemens Medical Solutions, Germany) were performed 190 G 23 days after infarction. All images were acquired by use of a phased-array body surface coil with 4e12 elements during breath-holds. Cine images with a slice thickness of 6 mm were acquired throughout the entire left ventricle by use of contiguous 2D true fast imaging in steady-state precession sequences. Ejection fraction (%; Simpson's method) and regional wall motion (%; mean systolic wall thickening in the risk area) were quantitatively calculated. The same 17-segment model applied in the case of myocardial contrast echocardiography was used for defining the risk area with cardiac magnetic resonance. 24 Afterwards, intravenous gadoliniumeDTPA was administered (0.1 mmol/kg). In order to determine the transmural extent of necrosis, imaging was performed with a delay time of 15 min and, as a surrogate for nonviable-necrotic myocardium, 13 the percentage extent of transmural late enhancement of each segment in the risk area was quantified and the average of all segments was calculated.
Cardiac magnetic resonance data were analyzed on separate days by 2 experienced observers unaware of the results of the other explorations. Mean inter-observer variability with regard to left ventricular systolic function and transmural late enhancement (as continuous parameters) was !3%.
Statistical analysis
Continuous variables were expressed as mean G standard deviation and compared by means of 2-tailed unpaired t-test. Discrete variables were expressed as percentages of the study population and compared by the chi-square test or Fisher's exact test. Sensitivity, specificity, predictive values and likelihood ratios of intravenous contrast echocardiography to predict normal perfusion as derived from intracoronary contrast echocardiography were determined. Receiver operator characteristics curves analyses were used to define the best cut-off values of myocardial blood flow and triggered images (as continuous parameters) to predict normal perfusion as derived from intracoronary contrast echocardiography. Regression lines were obtained by least squares regression method. Statistical significance was assumed if p ! 0.05. All statistical analysis was performed with SPSS software (version 9.0, SPSS Inc., Chicago, Illinois, USA).
Results
Characteristics of the 32 patients included in the study group are expressed in Table 1 .
Analysis per segments
Adequate intracoronary contrast echocardiography images were achieved in 105 (95%) of the 110 dysfunctional segments. Intracoronary contrast echocardiography prolonged 6 G 1 min, the cardiac catheterization procedure and quantification took 5 G 1 min.
Adequate intravenous contrast echocardiography was achieved in 97 (88%) of the 110 dysfunctional segments. Quantification took longer in the case of myocardial blood flow (9 G 2 min vs. 5 G 1 min with triggered images, p Z 0.01). Artefacts preventing assessment of intravenous contrast echocardiography occurred more frequently in the lateral wall (21% vs. 6% in non-lateral walls, p ! 0.0001).
Study results were focused on those 97 dysfunctional segments properly evaluated and quantified with both intracoronary and intravenous contrast echocardiography. Perfusion was normal (intracoronary contrast echocardiography O0.75) in 78 segments (80%) and abnormal (intracoronary contrast echocardiography !0.75) in 19 segments (20%).
Segments with myocardial blood flow O0.06 and with triggered images O0.9 showed a higher percentage of cases with normal perfusion (intracoronary contrast echocardiography O0.75) than those with myocardial blood flow !0.06 and with triggered images !0.9 (Fig. 1) . Predictive values and likelihood ratios of myocardial blood flow and triggered images for detecting normal perfusion in a 'per segments' analysis are expressed in Table 2 .
Analysis per patients
Twenty-two patients (69%) showed normal perfusion (0 or 1 segment with intracoronary contrast echocardiography !0.75) and 10 patients (31%) had abnormal perfusion in the risk area (2 or more segments with intracoronary contrast echocardiography !0.75).
Patients with normal triggered images (0 or 1 segment with perfusion !0.9) showed a higher percentage of cases with normal intracoronary contrast echocardiography than those with abnormal triggered images (Fig. 1) . A similar but not significant trend was observed in the case of normal myocardial blood flow (0 or 1 segment with myocardial blood flow !0.06) (Fig. 1) . Predictive values and likelihood ratios of myocardial blood flow and triggered images for detecting normal perfusion in a 'per patients' analysis are expressed in Table 2 .
Finally, when perfusion indexes were analyzed as continuous variables, mean intracoronary contrast echocardiography score in the risk area showed a strong correlation with mean triggered images score in the risk area (R 2 Z 0.82, p Z 0.0001) (Fig. 2) and a borderline correlation with myocardial blood flow (R 2 Z 0.11, p Z 0.07).
Systolic function and transmural extent of necrosis
A more preserved perfusion in the risk area predicted a better late systolic function. Ejection fraction and regional wall motion at sixth month were related to mean intracoronary contrast echocardiography score and mean triggered images score in the risk area (Table 3) . Mean intracoronary contrast echocardiography score R 2 Z 0.25, p Z 0.004) and mean triggered images score in the risk area (R 2 Z 0.34, p Z 0.001) were inversely related to the transmural extent of necrosis.
Discussion
The present study demonstrates that in patients with a first myocardial infarction, single-vessel disease and an open infarct-related artery, a quantitative analysis of myocardial contrast echocardiography performed with intravenous injection of contrast can be useful to evaluate coronary microcirculationdmyocardial contrast echocardiography with intracoronary injection of contrast being the reference. 
Intracoronary myocardial contrast echocardiography
Following the classical observations of Ito et al. 3, 27 intracoronary contrast echocardiography has become a standard for analyzing myocardial perfusion after myocardial infarction. 16 These authors and others have demonstrated that about one fifth to one third of patients with TIMI grade 3 have evidence of microvasculature damage. 3, 5, 6, 14, 25 In agreement with these observations we detected microvasculature damage in 20% of segments and in 31% of patients. Intracoronary contrast echocardiography showed the best correlation with sixth month systolic function. Ito et al. obtained identical results when they compared systolic function and intracoronary contrast echocardiography one month after infarction in a series of patients similar to ours. 27 Intracoronary contrast echocardiography (as a consequence of the great amount of contrast directly arriving to the microcirculation) offers high-quality and easily-interpretable images (Figs.  3 and 4) . In our experience, intracoronary contrast echocardiography prolonged minimally the procedures and no side effects were observed. Taking into account all the considerations mentioned above, it is understandable that intracoronary contrast echocardiography (although not applicable in daily practice to all cases because of its invasive profile) has become a standard of perfusion 16 and it was the reference method in the present study. In the analysis per patients, normal perfusion with myocardial blood flow was considered in the case of 0e1 segment with myocardial blood flow !0.06 and normal perfusion with triggered images in the case of 0e1 segment with triggered images normalized videointensity !0.9. Abbreviations: NPV: negative predictive value; PPV: positive predictive value. a Normal perfusion Z intracoronary contrast echocardiography normalized videointensity O0.75. Abnormal perfusion Z intracoronary contrast echocardiography normalized videointensity %0.75.
b Normal perfusion Z 0e1 segment with intracoronary contrast echocardiography normalized videointensity !0.75. Abnormal perfusion Z 2 or more segments with intracoronary contrast echocardiography normalized videointensity !0.75. Although the qualitative analysis still plays a significant role in the daily practice evaluation of intravenous myocardial contrast echocardiography, a quantitative assessment is strongly recommended; 16 therefore, for all purposes in the present study we used only a quantitative approach. Before this technique is ready for widespread application in the assessment of microcirculation in clinical practice, a number of hurdles have to be overcome such as optimal echocardiographic machine settings, optimal and clinically applicable study protocols, use of quantitative contrast image interpretation and especially analysis of whether the results obtained after intracoronary and intravenous injection are comparable. 16 We used different contrast agents in the case of intracoronary and intravenous contrast echocardiography. The rationale for these choices was based on the previous experience of other groups with these agents 28 and on our own experience during the learning curve. 25 According to the different kinetics of bubbles during both techniques, we do not believe that the use of different agents plays a definitive role in results. It seems more important to obtain a sufficient amount of bubbles and a good image quality and in our experience this was obtained with different agents in the Normalized myocardial contrast videointensities of segments 7 and 13 are displayed. A diminished perfusion in segment 13 and normal perfusion in segment 7 was observed with intracoronary contrast echocardiography (left panels) and with triggered images (middle panels). Similarly, an abnormal perfusion and a delay in contrast arrival with 'first-pass' myocardial blood flow images was detected in segment 13 (right panels).
case of intracoronary and intravenous contrast echocardiography. Few studies have been performed using quantitative methods for analyzing intravenous contrast echocardiography images. Shimoni et al., 18, 19 (a) In the first step, we analyzed myocardial blood flow as derived from analysis of curves of contrast arrival in a similar way to those obtained with cardiac magnetic resonance 11e13 (Figs. 3  and 4) . Kinetics of contrast in magnetic resonance and echocardiography imaging are different and the model of quantification proposed by Wei et al. 17 was described for a steady-state context. However, we tested this model to quantify first-pass myocardial blood flow. This method showed a high positive predictive value but a low negative predictive value to detect normal perfusion: a normal result almost assured normal perfusion but a negative result did not immediately indicate microcirculation damage, suggesting the possibility of some false negative results because of not enough contrast arrival, attenuation or inherent drawbacks with this method. Normalized myocardial contrast videointensities of segments 7 and 13 are displayed. A normal perfusion in segments 7 and 13 was observed with intracoronary myocardial contrast echocardiography (left panels) and with triggered images (middle panels). Similarly, a normal perfusion and upslope contrast arrival with 'first-pass' myocardial blood flow images were detected in segments 7 and 13 (right panels).
(b) In the second step, we analyzed normalized peak videointensity in triggered images as a surrogate of microvascular volume. Quantification of contrast intensity in a single end-systolic image captured 1 of each 6 cycles (in order to allow full replenishment after ultrasound pulses) showed a good correlation with late ejection fraction and with the transmural extent of necrosis. Moreover, normal perfusion (as derived from intracoronary contrast echocardiography) was accurately predicted with this method. Taking into account its high reliability as well as quantification of single-triggered images not being time-consuming and being easily-interpretable (Figs. 3 and 4) , this method could be currently applicable in daily echo labs practice for assessment of post-infarction perfusion until new equipment, contrasts and quantification methods are available.
Limitations
The presented findings are only applicable to the agents and techniques used and to the clinical scenario of the present study and the results may be different when other modalities are employed or other clinical situations are evaluated. A time interval of at least 48 h was set between intracoronary and intravenous contrast echocardiography; a shorter time interval could improve the correlation between both techniques. Perfusion of segments with normal contractility was not quantified; although inclusion of all segments could improve the results, we considered that the analysis of perfusion in those segments with a totally normal contractility is not of great interest (in general, it is normal).
Conclusions
Quantitative intravenous myocardial contrast echocardiography is useful to assess microvasculature perfusion early after myocardial infarction in patients with TIMI 3 flow when compared with intracoronary myocardial contrast echocardiography. The product of upslope of contrast arrival and peak myocardial intensity after a single intravenous bolus injection of contrast allows a fast and first approach to perfusion. The quantitative analysis of single end-systolic triggered images is a highly accurate and easy-to-obtain method to study microvasculature damage.
